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Abstract

:

Lipid nanoparticles (LNPs) tailored for mRNA delivery were optimized to serve as a platform for treating metabolic diseases. Four distinct lipid mixes (LMs) were formulated by modifying various components: LM1 (ALC-0315/DSPC/Cholesterol/ALC-0159), LM2 (ALC-0315/DOPE/Cholesterol/ALC-0159), LM3 (ALC-0315/DSPC/Cholesterol/DMG-PEG2k), and LM4 (DLin-MC3-DMA/DSPC/Cholesterol/ALC-0159). LNPs exhibited stability and homogeneity with a mean size of 75 to 90 nm, confirmed by cryo-TEM and SAXS studies. High mRNA encapsulation (95–100%) was achieved. LNPs effectively delivered EGFP-encoding mRNA to HepG2 and DC2.4 cell lines. LNPs induced cytokine secretion from human peripheral blood mononuclear cells (PBMCs), revealing that LM1, LM2, and LM4 induced 1.5- to 4-fold increases in IL-8, TNF-α, and MCP-1 levels, while LM3 showed minimal changes. Reporter mRNA expression was observed in LNP-treated PBMCs. Hemotoxicity studies confirmed formulation biocompatibility with values below 2%. In vivo biodistribution in mice post intramuscular injection showed significant mRNA expression, mainly in the liver. The modification of LNP components influenced reactogenicity, inflammatory response, and mRNA expression, offering a promising platform for selecting less reactogenic carriers suitable for repetitive dosing in metabolic disease treatment.
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1. Introduction


Over the past three years, the rapid development and global utilization of mRNA vaccines have played a unique role in combating the COVID-19 pandemic. The success of nucleoside-modified mRNA-LNP vaccines, developed by Moderna and Pfizer/BioNTech against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has marked a significant milestone in this field. These licensed vaccines have demonstrated the potential of LNPs as excellent vehicles for delivering nucleoside-modified mRNA [1].



mRNA technology has sparked interest and research into the LNP field as an integral carrier facilitating mRNA delivery into cells. Comprising ionizable lipids, phospholipids, cholesterol, and polyethylene glycol (PEG) lipids, LNPs have been proven effective in encapsulating RNA, ensuring transport to the cytoplasm, and stabilizing its overall structure. The distinct roles of these lipid components underline their significance in enhancing the efficacy and stability of LNPs [2].



However, the complex interaction between LNPs and the immune system introduces a dual-edged scenario. Although the intrinsic adjuvant activity of LNPs constitutes an advantage when seeking to formulate vaccines, this activity can interfere with the expression of the protein encoded in the carried mRNA [3]. Additionally, it may constitute a major impediment in the development of mRNA therapies that require repeated administration, such as protein-replacement therapies. Given the intricacies of the immune system, a deeper understanding of how LNPs impact physiology is essential. Moreover, the establishment of techniques for precisely controlling LNP’s effects on the immune system is crucial for advancing the field [4].



Interestingly, LNPs have been used to deliver mRNA constructs encoding enzymes for the treatment of different metabolic diseases [5,6]. The delivered mRNA molecules showed a quick onset of effect, even in only a few hours after their administration. However, in an attempt to reduce the intrinsic reactogenicity of the mRNA, non-immunogenic LNPs are also necessary to prevent mRNA degradation, avoid sensitization, and reduce the side effects of repetitive administrations [7]. In this landscape, the pursuit for optimal formulations becomes a priority, aligning with the broader goal of enhancing therapeutic efficacy while minimizing reactogenicity [8].



The present study explores the intricate interplay between LNP formulations and immune cells, together with the subsequent effects on mRNA translation. A deep study of the complex immunological responses to various LNPs holds the key to refining delivery strategies and unlocking the full potential of precision medicine. Particularly, in vitro cytokine production by PBMCs has emerged as a reliable tool to measure the immune profile induced by LNP-associated effects, offering a window into cellular response dynamics [9]. This research presents novel tailored strategies harnessing the full potential of LNPs in the burgeoning landscape of mRNA therapeutics in metabolic diseases.




2. Materials and Methods


2.1. Materials


The (4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate) (ALC-0315), (6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl 4-(dimethylamino) butanoate (DLin-MC3-DMA) and alpha-[2-(ditetradecylamino)-2-oxoethyl]-omega-methoxy-poly(oxy-1,2-ethanediyl) (ALC-0159) were purchased from Cayman Chemical (Ann Arbor, MI, USA). 1,2-distearyol-sn-glycero-3-phosphoethanolamine (DSPC), 1,2-Dioleoyl-sn-glycero-3-PE (DOPE), and DMG-PEG 2000, and other lipids, were purchased from Avanti Polar Lipids (Alabaster, AL, USA). CleanCap® Enhanced Green Fluorescent Protein (EGFP) mRNA and Firefly Luciferase (Luc) mRNA were obtained from TriLink BioTechnologies (San Diego, CA, USA). The GenVoy-ILM™ (GV) lipid mix was purchased from Precision NanoSystems Inc. (Vancouver, BC, Canada). Trypsin (TrpLE™ Express 1X) was obtained from Gibco (ThermoFisher, Waltham, MA, USA).




2.2. Synthesis of LNP Formulations from Different Lipid Mixes (LM)


LNPs were prepared using a self-assembly process by mixing an aqueous solution of the mRNA (EGFP or Luc) at 120 µg/mL and pH 4.0 (sodium acetate buffer 50 mM), with an ethanolic phase containing the lipids at 12.5 mM using the NanoAssemblr® microfluidic platform (Precision NanoSystems Inc., Vancouver, BC, Canada). The ethanol and aqueous phases were mixed at a total flow rate (TFR) of 12 mL/min with a N/P ratio of 6 and flow rate ratio (FRR) of 3:1 (aqueous: organic). The initial and final waste volumes were 200 µL and 50 µL, respectively. The different LMs were prepared by changing the types of components (ionizable cationic lipid, phosphatidylcholine, cholesterol, and PEG–lipid). The exact composition and molar proportions for each lipid mixture are further discussed in the Section 3.



After synthesis, LNPs were diluted 1:20 (for in vitro) and 1:40 (for in vivo) in 1X phosphate-buffered saline (PBS) and concentrated in Amicon® centrifugal filters 50,000 MWCO (Merck KGaA, Darmstadt, Germany) at 2000× g for 5 min per fraction. Finally, the obtained solution was filtered through a 0.22 μm filter and stored at 4 °C for further use.




2.3. Determination of mRNA Encapsulation Efficiency (EE) by Ribogreen Assay


mRNA was measured by fluorescence intensity with Ribogreen reagent (Thermo-Fischer, Waltham, MA, USA) at 535 nm (emission) with excitation at 485 nm on a TECAN Spark® (Männedorf, Switzerland) plate reader. Calibration curves were generated with the rRNA provided with the Ribogreen kit.



To measure mRNA encapsulation efficiency, the mRNA concentration in the LNP samples was measured in two conditions, with and without incubation in 2% Triton X-100 at 37 °C for 10 min, to measure total mRNA and unencapsulated mRNA, respectively. The difference between the two readings was considered as the encapsulated mRNA.




2.4. Particle Size, Zeta Potential (Z-Pot), and Polydispersity Index (PDI)


Measurements were taken in 1/100 PBS dilutions of each formulation. The mean hydrodynamic diameter and size distribution (PDI) of the LNP formulations were determined in triplicates by dynamic light scattering (DLS) in a Nano ZS Zetasizer (Malvern Instruments Corp., Malvern, UK) in ZEN0040 disposable cells. Z-pots for the different LNP formulations were measured with the same equipment in DTS1080 disposable capillary cells. The stability of the formulations was followed up to one month each week by testing changes in size, Z-pot, and EE after storage in a fridge (4 °C).




2.5. Cryogenic Transmission Electron Microscopy (Cryo-TEM)


The size, morphology, and distribution of the LNPs were corroborated by cryo-TEM. For cryo-TEM examination, the samples were vitrified using a Vitrobot Mark V (ThermoFisher, Hilsboro, OR, USA) plunging device. Here, 3 µL of the sample dispersion was applied to a Quantifoil or a lacey carbon-coated TEM grid that had been glow-discharged in an oxygen plasma cleaner (Diener Nano®, Diener electronic, Ebhausen, Germany) shortly before. After removing excess sample solution with a filter paper, the grid was immediately plunged into liquid ethane. For the subsequent examination, the specimen was transferred to a TEM (FEI Titan Krios G4, Thermo Fisher Scientific, Naarden, The Netherlands), maintaining cryogenic conditions.



Conventional TEM imaging was performed using an acceleration voltage of 300 kV. Micrographs were acquired with a 4k Direct Electron Detection Camera (Gatan K3, Pleasanton, CA, USA) under low dose conditions. Images were later analyzed by ImageJ® Software (version 1.54).




2.6. Small-Angle X-ray Scattering (SAXS)


The SAXS profiles were recorded with an NCD-SWEET beamline (Project ID 2023067620) from the ALBA Synchrotron Light source, Barcelona, Spain. The incoming energy was set at 10 keV with a sample to detector distance of 3.2 m. Liquid samples were placed under low-scattering polymeric capillaries with a 2.2 mm external diameter and 0.1 mm wall thickness. Two-dimensional patterns were recorded in a Pilatus 1M (Dectris, Baden-Daettwil, Switzerland) detector, and one-dimensional patterns were obtained after azimuthal integration with the pyFAI library [10]. Intensity was expressed as a function of the scattering momentum transfer q ((  q = 4 π / λ   s i n ( θ )  ), which depends on the incoming wavelength (λ) and the scattering angle (2θ). For each sample, 10 frames of 10 s were taken after discarding possible radiation damage over the sample. Measures were performed at RT (22 °C).



In order to study the structural difference between formulations, a polydisperse multi-shell spherical particle model was employed to take into account the mean electron density difference from the outer shells of each product [11]. The form factor (P) of a single particle could be expressed according to the following equation:
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where A is the amplitude of a homogeneous particle of radius Ri
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V is the volume of a sphere (  4 π / 3    R 3   ), and     ρ   i     is the electron density of region i of the particle. In the current model, we adapted part of the strategy followed by other authors, where they estimated the radial distribution scattering density for neutrons of a multi-shell particle [12]. In the current study, we considered a bilayer nanoparticle with a homogeneous core; these particles are represented by an average radius (Rav) around a certain standard deviation (σ) fixed at 20% using a Gaussian distribution function (D). For the bilipidic outer shell, three contributions were considered: two for the high density due to the polar region, and one of low electron density. The thickness of each shell was fixed at 2 nm based on the nature of the lipids and the components. The total scattering intensity is expressed in the following equation:
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where Seff is the structure factor of a lamellar system (multilamellar). A para-crystal structure factor was used [13]. The disorder parameter for the repeat distance was fixed at 0.01. Under these constraints, the variables were the mean core radius, Rav, the electron density of concentric shells, and the average number of layers.




2.7. Evaluation of In Vitro Expression Levels


The expression levels of a reporter mRNA (EGFP) encapsulated into the different LNP formulations were evaluated. Human hepatocellular carcinoma cell line (HepG2) and mouse dendritic cell line (DC2.4) cells were used as models to assess transfection.



HepG2 cells were cultured in RPMI medium supplemented with 10% heat-inactivated fetal bovine serum (iFBS) and 1% antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin). The cells were incubated at 37 °C in a humidified atmosphere with 5% CO2. They were seeded in 24-well culture plates at a density of 2.5 × 105 cells/well and allowed to grow for 24 h. LNP transfection was performed at a dose of 500 ng mRNA/well (1 µg/mL) for 24 h. After incubation, the presence of green fluorescent cells was assessed under an inverted fluorescent microscope (Olympus CKX41, Tokyo, Japan). The supernatant as well as the cells (previously washed with PBS and treated with trypsin) were collected and washed with 2 mL fluorescence-activated cell sorting (FACS) buffer (1X PBS with 2% iFBS) to inactivate trypsin. After centrifugation at 400× g, 4 °C for 10 min, the cells were resuspended in 70 µL of FACS buffer and stained with 3 µL of 7-Amino-Actinomycin D (7-AAD) to check viability. Samples were measured using a flow cytometer (LSR II, BD Biosciences, Bedford, MA, USA) and analyzed with FlowJoTM software version 10.8 (Ashland, OR, USA; Becton, Dickinson and Company).



DC2.4 cells were cultures in RPMI-1640, 10% iFBS, 100 U/mL penicillin, and 100 µg/mL streptomycin (1%), 1% L-glutamine (2 mM), 1X non-essential amino acids, 1 mM HEPES, and 0.0054X β-mercaptoethanol. They were seeded in 24-well culture plates at a density of 4 × 104 cells/well and allowed to grow for 24 h. LNPs were used to treat cells at a dose of 500 ng mRNA/well (1 µg/mL) for 24 h. A volume of 10 µL of the supernatant was collected for TNF-ɑ analysis. The same procedure was applied to HepG2 cells in order to determine the transfection efficiency. mRNA premixed with Lipofectamine™ MessengerMAX Reagent (Invitrogen, Carlsbad, CA, USA) according to the protocol provided by the manufacturer served as the transfection control.




2.8. Isolation, Seeding, and LNP Treatment of PBMCs


Buffy coats were obtained from healthy, voluntary donors through the blood bank of the University Medical Center Mainz, following informed consent: 50 mL of blood was transferred to sterile flasks and diluted with 100 mL of Hank’s balanced salt solution (HBSS). PBMCs were isolated through density gradient centrifugation, utilizing Histopaque®. Specifically, 35 mL of the diluted blood sample was layered on top of 15 mL Histopaque® and centrifuged at 900× g, RT for 20 min, with no break. The PBMC layer was carefully collected and washed with 50 mL of cold HBSS. Subsequently, centrifugation was performed at 400× g, 4 °C for 10 min, repeating the washing step twice. Finally, the resulting pellet was resuspended in 50 mL of MACS buffer (PBS, 2 mM ethylenediaminetetraacetic acid (EDTA), and 0.5% bovine serum albumin (BSA) at pH 7.2) for cell counting with trypan blue.



For LNP treatment, PBMCs were suspended in X-vivo 15 medium (Lonza, Walkersville, MD, USA) supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin, and subsequently seeded in 48-well culture plates at a concentration of 2.5 × 105 cells/well for a 24 h incubation period. Following incubation, cells were exposed to various LNP formulations (either EGFP mRNA or Luc mRNA), each containing 4 µg of mRNA, along with their respective controls. Apolipoprotein E3 at 1.0 µg/mL was added to enhance LNP transfection based on a previous screening (Figure S1). After a 24 h incubation period, 30 µL of supernatants was collected for cytokine analysis. In order to assess EGFP expression, cells were detached with 50 µL trypsin treatment (37 °C for 10 min) and washed with FACS buffer for further analysis by flow cytometry. For Luc expression, the Promega Luciferase Assay kit (WI, USA) was used, following the manufacturer’s recommendations in a TECAN Spark® (Männedorf, Switzerland), with an automatic injector.




2.9. Determination of Activation Markers in CD11c+ Cells from PBMCs


After the transfection of PBMCs with different LNP formulations, cells were detached with 50 µL of detachment buffer (PBS, 0.5% BSA, 5 mM EDTA, and 4 mg/mL Lidocaine hydrochloride monohydrate) at 37 °C for 30 min and washed twice with FACS buffer. DCs within the PBMC population were identified through staining with anti-CD11c+, and the expression levels of the following co-stimulatory molecules were determined: CD40+. CD80+, CD86+, and HLA-DR+, via FACS analysis. Briefly, cells were treated with 50 μL Fc receptor blocker (10% Privigen® Immunoglobulin solution) at 4 °C for 15 min and then stained extracellularly at 4 °C for 30 min, protected from light with anti-human fluorescent dye-conjugated monoclonal antibodies: CD11c (eFluorTM 506) purchased from Invitrogen; CD40 (PE-CyTM7), CD80 (PE), CD86 (BD HorizonTM 450), and HLA-DR (APC) were purchased from BD Biosciences. After staining, cells were washed with FACS buffer, followed by incubation with 5 μL of 7-AAD at RT for 5 min in the dark to assess cell viability. Samples were acquired in an LSR II flow cytometer (BD Biosciences), and data were analyzed with FlowJoTM software version 10.8 (Ashland, OR; Becton, Dickinson and Company). The gating strategy is shown in Figure S2.




2.10. Cytokine Profile


Cell culture supernatants were collected and preserved at −20 °C prior to cytokine measurements. TNF-α, CCL2 (MCP-1), CXCL8 (IL-8), IL-1β, IFN-γ, IL-6, CXCL10 (IP-10), and IL-4 were quantified using multiplex Cytometric Bead Assays (CBA) LEGENDplex™ HU Essential Immune Response Panel for PBMCs supernatants and LEGENDplex™ MU Th Cytokine Panel for DC2.4 cell supernatants (BioLegend, San Diego, CA, USA). Assays were performed following the protocol provided by the manufacturer, and data obtained from the acquisition in an LSR II flow cytometer (BD Biosciences) were analyzed using online LEGENDplexTM data analysis software version 8.0 to obtain cytokine concentrations: https://legendplex.qognit.com/workflow/115752 (accessed on 20 December 2023) and https://legendplex.qognit.com/workflow/121702 (accessed on 13 February 2024).




2.11. Hemotoxicity Studies


Heparinized venous blood from healthy donors was used after obtaining the corresponding written informed consent (blood bank of the University Medical Center Mainz). The blood was placed in a six-well culture plate in Ham F12 culture medium containing 10% iFBS and exposed to 15 µL of each LNP formulation at 37 °C for 1 or 24 h. After centrifugation of the whole blood–LNP suspension at 2500× g, 37 °C for 5 min, the precipitate was discarded. The proportion of lysed red blood cells was quantified by measuring the released hemoglobin at λ = 540 nm. Hemolysis (100%) was determined by exposing erythrocytes to 1.0% Triton X-100, while the negative control was obtained by the incubation of erythrocytes in PBS.




2.12. Ethics Statement


All animal procedures were approved by the local authorities (Landesuntersuchungsamt Rhineland-Palatinate). Ethical approval was granted by the Landesuntersuchungsamt LUA, Koblenz, AK G 19-1-080.




2.13. In Vivo Biodistribution Assay


C57BL/6-naïve mice were injected intramuscularly (i.m.) in both tibialis anterior muscles with 50 μL (25 μL each) Luc mRNA-loaded LNPs at a dose of 7 μg mRNA/mouse. After 6 h and 10 min before image acquisition, 150 µL of sterile filtered luciferin substrate (20 g/L) (IVISBriteTM D-luciferin potassium salt) dissolved in PBS was injected intraperitoneally and the relative luciferase activity was evaluated in vivo in isoflurane–oxygen anesthetized mice using an IVIS Spectrum CT (PerkinElmer, Waltham, MA, USA). After imaging, mice were euthanized by cervical dislocation in order to dissect organs (heart, lungs, liver, spleen, kidneys, and inguinal lymph nodes) for ex vivo imaging. Organs were then weighed, and images were analyzed with Living Image® Software version 4.7 (Caliper Life Sciences, Hopkinton, MA, USA).




2.14. Statistical Analysis


One-way ANOVA following Fisher’s LSD test was used to compare among groups. p-values < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered for significant differences.





3. Results and Discussion


3.1. Development and Physicochemical Characterization of LNP Formulations


An array of diverse LNP formulations was developed, aiming for repetitive mRNA administration, as required for long-term treatments. The inherent immunological activity of LNPs can be considered as either beneficial, potentially enhancing vaccine responses, or detrimental, particularly in scenarios involving repeated administration such as in metabolic disease treatments [7].



Initially, the impact of different LNP components on the structure of nanoparticles and the efficacy of mRNA delivery was investigated. LNPs were prepared using a self-assembly process, involving the mixing of an aqueous solution containing the mRNA (EGFP or Luc) with an ethanolic phase containing lipids, using the microfluidic NanoAssemblr® platform by Precision NanoSystems Inc. The optimization of LNPs was achieved by alternating LNP components and lipid ratios (ionizable lipid, phosphatidylcholine, cholesterol, and PEG–lipid) obtaining four selected and distinct lipid mixes (LMs) (Figure 1).



The main components assessed were selected from lipids available on the market and approved for in vivo experiments. Many of these components were utilized in various licensed mRNA-based vaccines. Figure 2 shows the molar proportions of each type of lipid in some LNP commercial formulations: GenVoy ILM™_research-oriented lipid mix by Precision NanoSystems (now Cytiva); Onpattro (Patisiran), an siRNA formulation from Alnylam (Cambridge, MA, USA) for transthyretin-related hereditary amyloidosis; BNT162b2 (Comirnaty), i.e., Pfizer–BioNTech COVID-19 vaccine; mRNA-1273, i.e., Moderna COVID-19 vaccine; CVnCoV COVID-19 vaccine candidate, and lastly lipid proportions used in this manuscript [14].



The proportions selected for our lipid blends represented an estimated average of the proportions used in the commercial formulations. They were similar to those used in some of the products already on the market, with some minor differences [15]. Specifically, the PEG–lipid ratio was kept close to the lower reported values to minimize undesirable side effects associated with dosing [16]. All lipid mixes tested in this study, i.e., GV, LM1, LM2, LM3, and LM4, produced LNPs (i.e., GV-LNP, LM1-LNP, LM2-LNP, LM3-LNP, and LM4-LNP, respectively) of adequate size, PDI, and encapsulation efficiency (Figure 3).



The mean size of the formulations fell within the range of 75–90 nm, approximately 10 nm smaller than the LNPs produced with the commercial lipid mix (GV). This observation can be explained through the reduced amount (1% less) of PEG–lipid in our LNP formulation, which is crucial for steric stabilization but augments the hydrodynamic ratio [17]. However, PEG is frequently implicated in adverse reactions, such as the generation of PEG-specific antibodies, increased vaccine reactogenicity, and accelerated clearance of other medications containing PEG [16]. Thus, the molar fraction of the PEG–lipid was maintained at approximately 1.7%, aligning with the range observed in other commercially reported formulations, as depicted in Figure 2.



Highly homogeneous LNPs were obtained in all cases, with PDI values lower than 0.1. Zeta potential values of the formulations ranged between −1 and −2 mV, indicating that the LNPs were close to neutrality, as expected at pH 7.4. A high mRNA encapsulation percentage (95–100%) was observed for all formulations, suggesting that changes in the components of the lipid mixes did not adversely affect the LNPs’ ability to successfully carry the mRNA load.



The LNP structure was studied through cryo-TEM analysis (Figure 4). The micrographs showed spherical nanoparticles, regular in size and shape. However, irregularities and differences can be found between formulations. GV-LNP showed bilamellar round particles with some internal defects (Figure 4 blue arrow). LM1-LNP showed bilamellar round particles with no internal defects, but like GV-LNP, LM3-LNP and LM4-LNP showed characteristic “blebs” (Figure 4 green arrows), common among formulations with large nucleic acids, such as mRNA. In these LNPs, ionizable lipids are tightly associated with mRNA, and DSPC forms a secondary segregated structure. These “blebs” are mostly absent from LM2-LNP, since DOPE, unlike DSPC, can still form electrodense non-bilayer structures even if excluded from mRNA-ionizable lipid structures [18]. On the other hand, LM4-LNP showed multilamellar particles with inverted micelles structures. This behavior is consistent with small-angle neutron scattering (SANS) analysis, where LNPs containing DLin-MC3-DMA as ionizable lipid showed a core–shell structure [19]. The shell portion of the particle does not contain any mRNA and comprises layers of DSPC, DLin-MC3-DMA, cholesterol, and the hydrophobic portion of the PEG–lipid.



The formulation obtained with the commercial kit (GV) exhibited nanoparticles in the range of 50–70 nm. Likewise, formulations prepared in our laboratory showed sizes of around 50–70 nm, 50–80 nm, 50–65 nm, and 60–80 nm for LM1-LNP, LM2-LNP, LM3-LNP, and LM4-LNP, respectively. The hydrodynamic diameter (hD), as measured by DLS, was consistently higher. This was expected, since hD includes the particle and its solvation sphere. Differences between size as measured by CryoTEM and hD are more evident in the commercial GV-LNP formulation; this can be explained by its comparatively higher PEG–lipid content [20].



As a complementary study, SAXS measurements were performed to investigate changes in the crystallographic structure of LNPs (Figure 5).



SAXS patterns were compatible with spherical nanoparticles with a bump near 1 nm−1 typically found in bilamellar vesicles or lipidic nanoparticles. There was no evidence of scattering intensity due to the defects observed in a few samples. However, this could be attributed to the low contrast with respect to the rest of the material. The main contribution to the scattering signal was due to size and lipid stacking. The mean size obtained from the small angle region is reported in Table 1. The polydispersity was fixed at 0.2, which was higher than the PDI registered by DLS, but no smearing effects were considered within the simulated intensity, which mainly affects the oscillation due to polydispersity. The bump was more intense for samples GV-LNP, LM2-LNP, and LM4-LNP, which could be attributed to multiple layering with respect to the single bilayer shape (LM3-LNP). In the particular case of LM1-LNP, the structure from the point of view of the SAXS pattern mainly featured a single bilayer particle, although the best result of the fitting was obtained by including this structure factor. The average number of bilayers was near to one, while GV-LNP, LM2-LNP, and LM4-LNP were close to two layers on average (Table 1).




3.2. Stability of LNPs


The stability of the various formulations was monitored over 1 month following storage at 4 °C (Figure 6). In all instances, the diameter of the LNPs remained stable without significant changes, even after 4 weeks. A minimal increase in the PDI values, ranging from 0.05 to 0.1 units, was observed after only 1 month of storage, suggesting that the presence of aggregates was negligible. Furthermore, all formulations maintained a PDI below 0.15, indicating the high homogeneity of the samples. Concerning the zeta potential, most values remained stable and close to neutrality within the range of −1 to −3 mV. Only LM1 exhibited a notable change, from −1 on day zero to −4 mV after 4 weeks, although this is still within the optimal surface charge range for biological applications. Lastly, no changes in the encapsulation efficiency of mRNA were observed for all tested formulations. This suggests that mRNA remained stable within the LNP structure, protected from degradation by environmental endonucleases.




3.3. EGFP mRNA Transfection by LNP Formulations in HepG2 and Dendritic Cell Lines


The efficacy of different LNP formulations in transfecting mRNA into eukaryotic cells was assessed (Figure 7). The HepG2 cell line demonstrated a robust transfection efficiency of LNPs. Approximately 90–100% of total cells were successfully transfected using either the commercial formulation or LM1-4 LNPs. While the GV-LNP achieved a transfection rate of 93%, the other formulations exhibited values of 87%, 96%, 87%, and 98% for LM1-LNP to LM4-LNP, respectively. The positive control, the transfection of EGFP mRNA using lipofectamine, displayed an 89% transfection rate. It exhibited a stronger green fluorescence signal, however, when compared with other samples, evidenced through fluorescence imaging and the mean EGFP fluorescence intensity measured by flow cytometry. According to flow cytometry results, both GV-LNP and LM2-LNP demonstrated EGFP expression levels approximately 5 times lower than the positive control. LM1-LNP and LM3-LNP displayed even lower expression levels, around 15 times lower than the positive control, while LM4-LNP showed a 4-fold reduction in expression.



These results primarily suggested that the ionizable lipid DLin-MC3-DMA might possess superior transfection ability compared to ALC-0315 in the HepG2 cell line model. Additionally, the replacement of DSPC with DOPE hints at an increase in the expression of the reporter mRNA.



After demonstrating the LM formulation’s efficacy to transfect eukaryotic cells, transfection on a mouse dendritic cell line (DC2.4) was studied as a model of specialized phagocytic cells while expressing an immunologically relevant phenotype (Figure 8). When compared with the results obtained in HepG2 cells, different transfection rates were found in DC2.4 cells for all tested formulations. The GV-LNP, LM1-LNP, and LM3-LNP transfected almost 100% of the cells, while the LM2-LNP and the LM4-LNP showed transfection efficiencies of around 80%. Regarding the mean fluorescence intensity, the LM1-LNP showed a strong fluorescence signal, around double that of the GV-LNP and LM3-LNP formulations. The other two formulations, LM2-LNP and LM4-LNP, displayed an intensity between 2 and 3 times lower than GV-LNPs. The obtained results showed that replacing DSPC with DOPE reduces the targeting of LNPs to dendritic cells. This finding provides evidence about the relevance of the phospholipid role in LNP-mediated mRNA delivery. Additionally, these results may add another dimension to the organ-targeting specificity previously observed by other researchers with DOPE (liver) and DSPC (spleen) [21]. Notably, the viability of the dendric cells was not affected after LNP treatment.



The discrepancy in transfection efficacy between HepG2 and DC cell lines may be related to the nature of HepG2 cells, which exhibit a hepatocyte-like phenotype and represent a non-immunogenic model for mRNA expression. Therefore, they do not accurately reflect the modulation between transfection efficacy and innate immune response. However, DCs show an immune response to stimuli such as mRNa transfection, resulting in the triggering of an innate response with cytokine release.



Another interesting observation emerged from the cytokine release profile of DC following LNPs treatment. Particularly, the TNF-α release showed discernible differences in secretion among the various LNP formulations. Notably, LM1-LNP and LM3-LNP, which exhibited higher transfection efficiencies, showed no significant differences (p > 0.05) compared to the negative (untreated) control. Conversely, LM2-LNP and, to a greater extent, LM4-LNP, demonstrated 25% and 88% increases, respectively, in TNF-α release compared to the basal DC control. This trend aligns with the formulations displaying lower transfection efficiencies. This correlation between inflammatory response and mRNA expression was in agreement with observations from other authors [8].



At this stage, it was confirmed that the performance of our LM-LNPs was comparable to that of the commercial formulation (GV) in terms of physicochemical parameters (size and PDI, morphology), mRNA encapsulation, and transfection efficiency.




3.4. mRNA Transfection and Cytokine Secretion by PBMCs Treated with LNPs


To study in more detail the cytokine profile associated with LNP treatment, PBMCs were transfected with LNP formulations containing a reporter mRNA (either EGFP or Luc) at a dose of 8 µg/mL of mRNA and in the presence of ApoE (Figure 9). It has been reported that the biodistribution and cellular uptake of LNPs may be influenced by their surface binding to ApoE, which naturally occurs following in vivo administration and leads to a redistribution of lipids within the shell and core of the LNPs [12].



In PBMCs, a high concentration of mRNA was used for two reasons. First, PBMCs are difficult to transfect and require a higher concentration of mRNA, in addition to other factors such as ApoE, which are necessary to enhance transfection (see Figure S1). Secondly, the high mRNA concentration is also related to the high lipid concentration (N/P = 6), which is a suitable approach to test the innate immune response of PBMCs with different mixtures of LNPs. This model allows us to establish an interesting relationship between mRNA expression and innate immune response after transfection with the different formulations.



In the case of EGFP mRNA transfection, approximately 30% to 40% of cells exhibited a positive signal, suggesting the successful transfection of PBMCs. However, a 20% occurrence of positive events was observed in the negative control, indicating the presence of an autofluorescence background produced by the PBMCs. In all instances, the mean fluorescence intensity (MFI) of the LNPs showed statistical significance (p < 0.05) compared to the negative control. Additionally, the same LNP formulation loaded with Luc mRNA yielded nanoparticles with similar characteristics to those loaded with EGFP mRNA. Transfection efficiency was assessed in PBMCs, revealing that LNPs effectively delivered and expressed Luciferase. Overall, it was noted that LM3-LNP consistently exhibited a tendency of higher expression levels of the cargo mRNAs compared to other formulations.



Complementarily, the cytokine secretion following exposure to LNPs was also assessed in PBMC supernatants (Figure 10).



PBMCs have been extensively used as a model to test the inflammatory effects of different molecules [22]. After a 24 h treatment, the levels of TNF-α increased by approximately 1.8, 1.1, and 2.1 times compared to untreated PBMCs (negative control) for LM1-LNP, LM2-LNP, and LM4-LNP, respectively. This finding was indicative of a pro-inflammatory effect of these LNPs. Similarly, the same formulations exhibited 3.4-fold, 4.0-fold, and 4.2-fold increases in Monocyte Chemoattractant Protein 1 (MCP-1), a key player in the inflammation process, attracting and enhancing the expression of other inflammatory factors/cells [23]. Concerning IL-8, the LM1-LNP, LM2-LNP, and LM4-LNP induced a 40% increase in cytokine levels, correlating with the attraction and activation of neutrophils in inflammatory regions [24]. Interestingly, LM3-LNP, wherein the PEG–lipid ALC-0159 was replaced by DMG-PEG 2000, did not exhibit significant differences in the cytokine release of TNF-α, MCP-1, and IL-8 compared to untreated PBMCs. The obtained results strongly imply that LM3-LNP may induce lower inflammatory responses in human cells, presenting a significant aspect for potential applications across various pathologies. A prior study conducted by our group demonstrated the promising potential use of mRNA-LNPs therapy in treating hereditary tyrosinemia 1 or phenylketonuria [5,6]. The imperative requirement for carriers that do not elicit immune or inflammatory responses becomes particularly relevant in long-term treatments, underscoring the suitability of LM3-LNP as a highly promising candidate for such applications.



However, an increase of approximately 2 to 2.5 times in IL-1β was observed for all formulations. This cytokine is a potent pro-inflammatory molecule crucial for host-defense responses to infection and injuries [25]. Furthermore, the impact of LNPs on the release of IFN-γ, IL-6, IP-10, and IL-4 was investigated, but no significant or appreciable changes were observed (p > 0.05).



Finally, the upregulation of activation markers in the CD11c+ population of the PBMCs was studied after treatment with LNPs (Figure 11).



While no significant differences in the upregulation of HLA-DR and CD86 markers were observed among all tested LNPs (p > 0.05), increases in CD40 and CD80 markers were evident for LM2-LNP and LM4-LNP in comparison with the negative control (untreated cells). Specifically, LM4-LNP demonstrated a 30% increase in CD40 expression and a 20% increase in CD80 expression, consistent with its ability to induce higher cytokine secretion. Conversely, LM1-LNP and LM3-LNP resulted in minimal or negligible activation effects in the context of CD40 and CD80 markers.




3.5. Hemotoxicity of the LNPs


Before the in vivo experiment, the biocompatibility of the LNP formulations was assessed by determining hemotoxicity (Table 2). This was the first approach to identifying the potential negative effects of the formulations. The interaction with erythrocytes becomes an important factor when assessing the safety of LNPs [26]. According to the ISO/TR 7406 standard, biomaterials that have less than 5% hemolysis could be safe for biomedical applications [27].



After 1 h of exposure to LNPs, no hemotoxicity was observed. Even after 24 h, the degree of hemolysis remained below 2%, indicating that all developed formulations were safe for in vivo application.




3.6. In Vivo Biodistribution


The in vivo biodistribution of LNPs was determined in C57BL/6-naïve mice following i.m. injection with Luc mRNA-LNPs. Initially, bioluminescence detected for the full body was quantified (Figure 12). In comparison with PBS treatment, all LNP formulations exhibited Luc expression. Although statistical analysis indicated no significant differences for LM2-LNP vs. PBS (p > 0.05), clear bioluminescence was observed, with an average radiance in the order of 107. Significant bioluminescence was observed for LM1-LNP and LM4-LNP (p < 0.05), while maximum expression was observed with LM3-LNP (p < 0.0001). The in vivo results collected for LM3-LNPs were very well correlated. Consistent with the previous in vitro observations, LM3-LNP exhibited low cytokine release, minimal cellular activation, and high mRNA expression levels.



On the other hand, the ex vivo imaging was also studied (Figure 13). Consistent with the in vivo observations, ex vivo imaging of the different tissues showed that most of the signal was detected in the liver. LM1-LNP and LM3-LNP exhibited the highest Luc expression in the liver (p < 0.0001), while the Luc expression for LM2-LNP and LM4-LNP was approximately three times lower. A significant signal was also found in the spleen, particularly with LM2-LNP and LM3-LNP. These findings align with a study by Pateev et al., which demonstrated that following the administration of LNPs carrying Luc mRNA, bioluminescence was predominantly detected in the liver region, with some signal observed in the spleen. This observation can be attributed to the adsorption of four-component LNPs, to ApoE in the bloodstream, leading to their uptake primarily by hepatocytes expressing high levels of low-density lipoprotein receptors [28]. Finally, Luc expression was also observed in inguinal lymph nodes of mice treated with LM2-LNP and LM3-LNP.



The mRNA for mouse administration was around 7 µg, which was higher than other reports (4 µg/mice [8]; 3 µg/mice [29]), but well under other doses tested for metabolic diseases: 20 µg/mice for hereditary tyrosinemia 1 [5], 60 μg/mice for phenylketonuria [6], or the 10 µg/mice doses used in LNP inflammation studies [30]. Similarly to the approach with PBMCs, high doses of mRNA may be related to high doses of lipids, which represents a suitable situation to study the effect of the lipids on the immune response.



The present results demonstrated that modifications in the composition of LNP formulations result in alterations in biodistribution and mRNA expression across different organs. On the other hand, it was observed that the final biodistribution of the mRNA is not only determined by one lipid component, but also by the overall structure of the LNPs and a combination with other lipids. This might be due to the fact that other influences, such as inflammation, immune stimulation, or lipid interactions, also play a crucial role in mRNA expression and biodistribution. For instance, the inclusion of an ionizable lipid with more immunogenic properties resulted in low expression levels in the liver. This observation was made during the comparison between LM1-LNP (ALC-0315) and LM4-LNP (DLin-MC3-DMA), where the substitution of ALC-0315 with Dlin, an immunogenic ionizable lipid, led to reduced mRNA expression. This heightened reactogenicity was consistent with our measurements of cytokine secretion as well [29]. In another scenario, the replacement of the helper DSPC lipid with DOPE (in LM1 and LM2, respectively) may lead to differences in expression and biodistribution after intramuscular injection. DSPC formulations predominantly express mRNA in the liver, while the DOPE formulation showed a significant signal in the spleen and inguinal lymph nodes. This contrasts with the observations presented by Chandre et al. from intravenous administration, which suggested that DSPC-containing LNPs mostly accumulated in the spleen, whereas identical LNPs substituting DSPC with the helper lipid DOPE preferentially accumulated in the liver [31]. One of the most interesting findings of our study lies in the replacement of the PEG–lipid. Specifically, LM1 contained the PEG–lipid ALC-0159, while LM3 was composed of DMG-PEG2k. Those molecules, with their distinct molecular structures, consist of a lipid structure O-pegylated to a PEG chain with a mass of approximately 2 kDa. The lipid component of ALC-0159 is the N,N-dimyristylamide of 2-hydroxyacetic acid, an amide derivative of 2-hydroxyacetic acid (also known as glycolic acid), combined with two myristyl (tetradecyl) chains. In contrast, DMG-PEG2k comprises myristoyl diglyceride, featuring a glycerol backbone with two fatty acid chains, one of which is myristoyl (tetradecanoyl). This difference in the PEG–lipid nature alone significantly modified the LNP structure, immune response profile, biodistribution, and mRNA expression levels, despite both lipids possessing the same degree of PEGylation and the particles having the same size, which are well-known factors affecting LNP distribution and immunogenicity [4,32].



Considering that most treatments for metabolic diseases involve replacing defective genes with functional enzymes, we have demonstrated that our LNPs successfully express Luc from Luc mRNA. This implies the expression of a functional enzyme, a fact that could be extrapolated to certain metabolic diseases, such as phenylketonuria and tyrosinemia, among others [33].



As a future perspective, a repetitive injection scheme for LM3-LNPs is being planned for a follow up study, with the concomitant evaluation of LNP-associated inflammation together with mRNA translation efficiency. That scheme was previously developed by our group with a lipidic commercial formulation as a new approach for the treatment of different metabolic diseases [5,6].





4. Conclusions


The present study describes a versatile platform for mRNA delivery through the formulation of various LNPs, facilitating controlled effects on different transfected cells. Four distinct LNPs with different compositions were designed, demonstrating high stability, with a mean size ranging from 75 to 90 nm, high homogeneity (PDI < 0.1), and spherical morphology. Alterations in each LNP component resulted in nanoparticles with different crystallographic structures. The zeta potential values indicated near-neutrality particles at pH 7.4, and a remarkable mRNA encapsulation percentage of 95–100%. The efficacy of these LNPs in delivering a reporter mRNA (EGFP) to both HepG2 cells and dendritic cells was successfully demonstrated, comparable to the levels of a commercial formulation (GV). Subsequently, the impact of these LNPs on cytokine release in human PBMCs showed that LM1-LNP, LM2-LNP, and LM4-LNP induced significant 1.5- to 4-fold increases in interleukin 8 (IL-8), tumor necrosis factor-alpha (TNF-α), and MCP-1 levels, while LM3-LNP did not elicit significant changes in cytokine release. This suggests that LM3-LNP, composed of ALC-0315/DSPC/Cholesterol/DMG-PEG2k, could be considered less inflammatory. Moreover, LM3-LNP exhibited the highest in vivo expression of Luc mRNA after i.m. administration, with significant Luc levels detected in the liver, spleen, and inguinal lymph nodes. These findings underscore the potential of modifying various components of LNPs to tailor their immunogenicity and inflammatory response, as well as organ biodistribution. In conclusion, this study offers insights for fine-tuning LNP formulations in the context of mRNA delivery, with potential applications in the treatment of metabolic diseases regarding protein replacement.
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Figure 1. Scheme of the different LNPs from different lipid mixes (LMs) and the modification of each component (created with Biorender). The replacement of each component of LM1 was highlighted with different colors: LM2 (DSPC for DOPE in violet), LM3 (ALC 0159 for DMG-PE-2000 in orange) and LM4 (ALC 0315 for Dlin-MC3-DMA in red). 
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Figure 2. Distribution of the main LNP components by molar fraction: GenVoy, commercial lipid mix provided by Precision NanoSystems, Onpattro (patisiran), BNT162b2 (Comirnaty) Pfizer–BioNTech COVID vaccine, mRNA-1273 Moderna COVID vaccine, CVnCoV Curevac COVID vaccine candidate, and lipid mixes presented in this manuscript (LM 1 to 4). 
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Figure 3. Mean size (a), polydispersity index (PDI) (b), zeta potential (c), and mRNA encapsulation efficiency (EE) (d) of the different LNP formulations. Comparison with a commercial formulation (GenVoy) is shown. The graphs represent the mean (n = 3) ± SD. 
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Figure 4. CryoTEM images of the different LNP formulations. Arrows indicate the presence of particular LNP characteristics and irregularities in their structure: “blebs” (green arrows) and internal defects (blue arrows). 






Figure 4. CryoTEM images of the different LNP formulations. Arrows indicate the presence of particular LNP characteristics and irregularities in their structure: “blebs” (green arrows) and internal defects (blue arrows).



[image: Pharmaceutics 16 00771 g004]







[image: Pharmaceutics 16 00771 g005] 





Figure 5. SAXS profiles of the different LNP formulations. The left column shows the Log plot of the experimental SAXS pattern in (symbol) and the fitted curve in continuous line. The right column shows the electron density profile obtained from the bilayer model. 
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Figure 6. Stability of the formulations after storage at 4 °C for 1 month. The mean size (a), polydispersity (PDI) (b), zeta potential (c), and mRNA encapsulation efficiency (EE) (d) were measured every week. The graphs represent the mean (n = 3) ± SD. 
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Figure 7. HepG2 cells transfection by the different LM formulations. The percentage of EGFP+ cells (a), the mean fluorescence intensity (MFI), (b) and fluorescence microscopy images (c) were analyzed. The transfection was studied and quantified by the presence of EGFP+ cells (by fluorescence microscopy and flow cytometry). The graphs represent the mean (n = 3) ± SD. Abbreviations: C−: untreated cells; C+: cells treated with EGFP mRNA loaded into lipofectamine; GV: commercial formulation; LM: own lipid mixes. 
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Figure 8. DC 2.4 mouse dendritic cell line transfection by the different LM formulations. The EGFP+ cells (a), the mean EGFP fluorescence (b), and the cell viability by 7-AAD (c) were determined by flow cytometry. The release of TNF-α by LNP-stimulated DC was measured by CBA (d). One-way ANOVA following Fisher’s LSD test was used to compare among groups. ns: not significant, p < 0.05 (*) and p < 0.0001 (****). MFI: mean fluorescence intensity. Abbreviations: C−: untreated cells; GV: commercial formulation; LM: own lipid mixes. 
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Figure 9. PBMC transfection by the different LM formulations. The mRNA transfection was studied by two techniques: the expression of EGFP mRNA detected by flow cytometry (a,b) and the expression of Luc mRNA quantified using a Luciferase kit (c). PBMCs were transfected with 8 µg/mL of mRNA and in the presence of ApoE (1 µg/mL). The graphs represent the mean (n = 5) ± SD. One-way ANOVA following Fisher’s LSD test was used to compare among groups. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). MFI: mean fluorescence intensity. Abbreviations: C−: untreated cells; LM: own lipid mixes. 
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Figure 10. Cytokine secretion of TNF-α, MCP-1, IL-8, IL-1β, IFN-γ, IL-6, IP-10, and IL-4 from LNP-stimulated PBMCs determined by cytometric bead assay. * The results are expressed as folds against the negative control. PBMCs were exposed to LNPs with an equivalent dose of 8 µg/mL of mRNA for 24 h. The graphs represent the mean (n = 5) ± SD. One-way ANOVA following Fisher’s LSD test was used to compare among groups. ns: not significant, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Abbreviations: C−: untreated cells; LM: own lipid mixes. 
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Figure 11. Activation markers of the CD11c+ population from PBMCs after LNP stimulation with the different formulations, determined by flow cytometry analysis. The graphs represent the mean (n = 3) ± SD. One-way ANOVA following Fisher’s LSD test was used to compare among groups. ns: not significant, p < 0.05 (*) and p < 0.01 (**). Abbreviations: C−: untreated cells; LM: own lipid mixes; MFI: mean fluorescent intensity, folds vs. control (no treated). 
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Figure 12. The in vivo biodistribution of the LNPs determined in a C57BL/6-naïve mice model after i.m. injection with the LNP formulations delivering Luc mRNA. The graphs represent the region of interest (ROI) mean n = 5 ± SD, except for LM1-LNP, in which n = 4. One-way ANOVA following Fisher’s LSD test was used to compare among groups. ns: not significant, p < 0.01 (**), p < 0.0001 (****). Abbreviations: PBS: phosphate-buffered-saline-treated mice; LM: mice treated with our own LNP–lipid mixes. 
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Figure 13. The in vivo biodistribution of the LNPs at organ level in a C57BL/6-naïve mice model after i.m. injection with the LNP formulations delivering Luc mRNA. The graphs represent the mean with n = 5 ± SD, except for LM1, in which n = 4. One-way ANOVA following Fisher’s LSD test was used to compare among groups. ns: not significant, p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). 
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Table 1. Mean diameter and fitting parameters to the multilayer model of the LNPs determined by SAXS.
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	Sample
	Diameter (nm)
	Multilayer (%)
	N_av
	χ2





	GV-LNP
	84.8 ± 0.1
	72
	2.3 ± 0.0
	0.75



	LM1-LNP
	82.5 ± 0.2
	40
	1.2 ± 0.3
	0.76



	LM2-LNP
	97.1 ± 0.2
	55
	2.2 ± 0.0
	0.53



	LM3-LNP
	67.2 ± 0.2
	0
	–
	0.93



	LM4-LNP
	57.4 ± 0.1
	69
	1.7 ± 0.1
	0.74










 





Table 2. Hemotoxicity assay of the different LNP formulations.
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Hemolysis (%)




	
Formulation

	
Incubation Time (h)




	
1

	
24






	
LM1-LNP

	
0.0 ± 0.0

	
1.0 ± 0.4




	
LM2-LNP

	
0.0 ± 0.0

	
1.9 ± 0.2




	
LM3-LNP

	
0.0 ± 0.0

	
0.2 ± 0.1




	
LM4-LNP

	
0.4 ± 0.6

	
1.0 ± 0.1

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
100

EGFP+ cells (%)

40,000
35,000
30,0004
25,000

i 20,000
= 10,000

50004 | i I

o il
PN
SR S

LNPs






media/file4.png
3 lonizable lipid
I Phospholipid
B Cholesterol

Bm PEG-lipid

(=
(=
\

(%) Jlow






media/file27.png





media/file18.png
FTIC+ cells (%)

100

60-

40+

20-

EGFP

*k k

* %k %k *k

* %k %k *k

* %k %k *k

C(-) LM1 LM2 LM3 LM4
LNPs

b C Luciferase

Xk %k

EGFP | * %
%k % X
| .
kK —~ 25,000~
1,400 | )
% % % % ﬁ T
€ 20,000
1,200 .. o
= 15,000- T
TH | o
= 1,000 g
$ 10,000~
800 g
E 5,000
600 3
0 1 1 1 1
C(-) LM1 LM2 LM3 LM4 C(-) LM1 LM2 LM3 LM4
LNPs LNPs





media/file21.jpg
MFI (Fold Ctrl)

E

MFI (Fold Ctrl)

14

12

1.0

08;

cD4o

C(-) LM1 LM2 LM3 LM4
LNPs

HLADR

C(-) LM1 LM2 LM3 LM4
LNPs

MFI (Fold Ctrl)

MFI (Fold Ctrl)

14

12

1.0

08

15

10

0.5

0.0

ull

C(-) LM1 LM2 LM3 LM4
LNPs

cogs

C(-) GV LMILM2LM3LM4
LNPs

]





media/file26.png
6x107 -

4x107 -

2x107 -

Avg Radiance [p/s/cm2/sr]

o
|

% %

%k %k %k %

% Xk

%k %k % %

PBS LM1 LM2 LM3 LM4

Liver

8x105-

6x10°5—

4x105-

2x105-

Avg Radiance [p/s/cm2/sr]

o
|

ns

PBS LM1 LM2 LM3 LM4

Spleen

Avg Radiance [p/s/cm2/sr]

PBS LM1 LM2 LM3 LM4
Inguinal Lymph Node






media/file3.jpg
=3 lonizable lipid
B3 Phospholipid
mEm Cholesterol
B PEG-ipid






media/file22.png
MFI (Fold Ctrl)

MFI (Fold Ctrl)

CD40 CD80

%k Kk .y
| |
* ns
| |
* E 3
| |
- 1.4- ns
5
E 1.2-
(o)
L
TS 1.0
=
0.8-
C(-) LM1 LM2 LM3 LM4
LNPs
C(-) LM1 LM2 LM3 LM4
LNPs
HLA-DR CDS6
ns .
| |
ns .
| ns | "
| |
ns .
159 s

- B

5 .
@ S5  1.0-
S
(@]
L
TS 0.5-
=
C(-) LM1 LM2 LM3 LM4 0.0-

1
C(-) GV LM1LM2LM3LM4

LNP
° LNPs





media/file19.jpg
Folds®

|y -
\’_M E o
wl| ]
} $o
os

i oo,

B el SIS SPEES B

s i Inps Inps.






media/file7.jpg
LM1-LNP

LM2-LNP

LM4-LNP






media/file10.png
Intensity (a.u)

— — — —
— — - -l
= — — —
- — - =
— — — -
— - — -
— — — —
- - - -’
- - — -
— — — -
— — — -
-
- - - -
-
— — — -
-
— — - -1
-
-t — - — -
- - - -
— — — -

GV-LNP

LM1-LNP

LM2-LNP

LM3-LNP

LM4-LNP

0.03 0.1 0.3 1 3

g (nm~1)

Ap/p(0) (u.a)

5.0
2.5 A
0.0 -

—2.5 1

—5.0

5.0
Z:5
0.0 -

—Z.D

-5.0

5.0
2o
0.0 A

—2.9

-9,

5.0
2
0.0 -
—2.5

>

—2.0

5.0
2D
0.0 -
—2Z.5

—9:0
20

30 40
R (nm)

50





media/file14.png
HepG2

(%) SlI92 +d493





media/file11.jpg
Size (nm)

Zpot (mV)

150

00

o

Moan Size

0124 0124 0124 0124 0124
Weeks

Zpotonial

T

U124 0124 0124 0124 0124
Weeks

POl

a

mRNA EE (%)

o8-

04

03

02

o4

00-

H

g

Polydispersity Index

0124 0124 0124 0124 0124
Weeks

Encapsutation Eficiency

gooaonm

0124 0124 0124 0124 0124
Weeks

ovane
Wi
2N
wieANe
ey





media/file6.png
a Mean Size b Polydispersity Index
120 - 0.3
0
w0
100 & _ 3
S
—_ _ ~ 0.2-
g 80 -
- a)
O 60_ 0
N 40— L = gggg 2 o
o
20—
0- 0.0-
N N OO O (,‘\
OCSTT: >
LNPs LNPs
c Zeta potential d Encapsulation Efficiency
1204 ¢ & o -
ol 858 8 8
> = g0-
- n
9 ;E 60-
N X 40-
—4- S
20
=TT T T 1 0
N D OO > -
O S FES ORI
LNPs vV VY

LNPs





media/file15.jpg
EGFP+ cells (%)

@
3

3
3

a
S

N
S

o

A NGO
SRR

LNPs

o

3
2 60,000 T
8 M
2 50,000
5
S 40,000
o 30,000 i
&
@ 2